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the mitochondria in metabolism and the results of
prior transcriptomics studies, the objective of this
study was to understand how βAA affect mitochondrial function of bovine skeletal muscle stem
(i.e., satellite) cells. We hypothesized that βAA
would improve efficiency and ATP production
capacity of muscle stem cells by modifying mitochondrial function.

INTRODUCTION
Beta-adrenergic agonists (βAA), Ractopamine
HCl (RH) and Zilpaterol HCl (ZH), are FDAapproved supplements utilized in pigs and cattle to
improve growth performance, carcass weight, and
longissimus muscle area (Arp et al., 2014; Lean
et al., 2014). Previous studies within our group
have focused on understanding molecular changes
in skeletal muscle due to βAA supplementation.
This work has shown that βAA supplementation
increases glucose oxidation in muscle from thermoneutral and heat-stressed lambs (Barnes et al.,
2019) and in rat skeletal muscle stimulated with
ZH (Cadaret et al., 2017). Skeletal muscle transcriptomics of lambs supplemented ZH revealed
upregulation of genes associated with the callipyge phenotype of sheep (Yu et al., 2018) as well
as the upregulation of mitochondrial solute carrier SLC25A25 (Kubik et al., 2018). SLC25A25 is
a Ca2+ sensitive ATP-Mg2+/Pi inner mitochondrial
membrane solute transporter. Due to the role of

MATERIALS AND METHODS
This study was approved by the IACUC at
the University of Nebraska-Lincoln, which is
accredited by AAALAC International. Bovine
skeletal muscle was obtained from four steers
harvested at the USDA-inspected abattoir at the
University of Nebraska-Lincoln. Yak muscle
was collected from a privately owned abattoir
and shipped overnight in ice-cold Belzer UW
Cold Storage Solution (Preservation Solutions).
Satellite cells were isolated and cryopreserved as
previously described (Yates et al., 2014).
Satellite cells were thawed, suspended in
complete growth media, and seeded onto a polyl-lysine and fibronectin coated Cell Culture
Microplate (Agilent Technologies) at a density
of 100,000 cells/well, and grown overnight. Cells
were washed in XF Assay Media supplemented
with 100 mM sodium pyruvate, 200 mM glutamine, and 2 M glucose and incubated at 37 °C
for 1 h. Mitochondrial function was determined
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by measuring oxygen consumption rates (OCRs)
and extracellular acidification rates (ECARs) with
an Agilent Seahorse XFe24 Flux Analyzer every 8
m. Baseline respiration was measured at time points
1 to 3 (Fig. 1). Then, RH (2 µM), ZH (0.1 µM),
or carrier were injected into incubations (4 wells/
treatment). Baseline readings during βAA exposure
were time points 4 to 6 (Fig. 1). Cells were stressed
following the Seahorse XF Cell Mito Stress Test
protocol. Oligomycin (1 µM) was injected at time
point 7 to inhibit complex V of the electron transport chain; readings 7 to 9 thus measure ATP-ase
independent oxygen consumption. The uncoupling reagent carbonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP) (1 µM) was injected at
time point 10, which allows for uninterrupted flow
of electrons through the electron transport chain.
At this interval (time point 10 to 12) the maximal
level of oxygen consumption of the cells is recorded. Lastly, rotenone/antimycin A (0.5 µM) was
injected (time point 13). Rotenone is a respiratory
complex I inhibitor and antimycin A is a complex
III inhibitor. They effectively ablate mitochondrial
respiration. Protein was extracted from cells using
M-PER Mammalian Protein Extraction Reagent
(Thermo Fischer Scientific). A Pierce Coomassie
Plus (Bradford) Assay Kit (Thermo Fischer
Scientific) was used to measure protein concentration. Oxygen consumption rate and ECAR data
were normalized to protein concentrations.
Wells with OCR or ECAR readings ± 1 SD from
the mean at all 15 time points were excluded from
analysis. Technical replicates for each treatment ×

time point were averaged. Intracellular flux studies
produce considerable interplate variation (Yépez
et al., 2018), thus we standardized based on fold
changes relative to the average baseline OCR for
each sample. Mitochondrial function measures
were calculated as described in Table 1 (Agilent
Technologies, 2016). Treatment and animal effects
were evaluated by analysis of variance using the
Generalized Linear Model procedure in SAS (SAS
Institute). Post hoc comparisons were evaluated
with a Tukey test. Animal was the experimental
unit (n = 4 bovine, n = 5 total).
RESULTS
Incubation of cells with either ZH or RH increased maximal respiration (P = 0.004) and spare
respiratory capacity (P = 0.013) in bovine (n=4) satellite cells (Fig. 2). No difference was observed between ZH and RH (P > 0.05). When the yak (n=1)
sample was included, maximal respiration and
spare respiratory capacity were affected by both
treatment (P = 0.006 and P = 0.006, respectively)
and animal (P = 0.018 and P = 0.009, respectively).
The glycolytic capacity of βAA-treated bovine cells
did not differ from controls (P = 0.106). When the
yak was included, glycolytic capacity still did not
differ among treatments (P = 0.264) but an animal
effect was observed (P = 0.018). No differences
were observed among treatments or animals for
non-mitochondrial respiration, basal respiration,
proton leak, or ATP-linked respiration (P > 0.05;
Fig. 2). No treatment × time point produced more
than one outlier, and the seven wells excluded were
dispersed across plates, animals, and treatments.
DISCUSSION

Figure 1. Experimental design for Seahorse XF Cell Mitochondrial
Stress Test. Oxygen consumption rate (y-axis) is measured at 15 time
points (open circles) before and after the addition of βAA (or no/control treatment) and three drugs. The expected response of the cell is
shown, and measures of mitochondrial function illustrated Adapted
from (Agilent Technologies, 2016).

In this study, we found that both RH and ZH
enhance spare respiratory capacity and maximum
respiration of bovine muscle stem cells. This demonstrates that βAA supplements improve the efficiency
of myogenic cells by favorably modifying mitochondrial function. Ractopamine HCl- and ZH-treated
cells are better equipped to respond to the stress of
an ATP-depleted environment than control cells due
to their increased mitochondrial capacity. We postulate that this leads to better utilization of available
substrates and more efficient energy production in
the muscle of βAA-supplemented livestock.
Previous studies have reported increased glucose oxidation in primary skeletal muscle isolated
from lambs that were supplemented ZH (Barnes
et al., 2019) and in primary rat muscle stimulated
with ZH in vitro (Cadaret et al., 2017). Our results
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Table 1. Mitochondrial function calculations based
on OCR and ECAR
Measure
Non-mitochondrial (mt) respiration
Basal respiration
Maximal respiration
Proton leak
ATP-linked respiration
Spare respiratory capacity
Glycolytic capacity

Calculation
Min OCR (time point 13–15)
Time point 3 OCR − Non-mt
respiration
Max OCR (time point 10–12) −
Non-mt respiration
Min OCR (time point 7–9) −
Non-mt respiration
Time point 6 OCR − Min OCR
(time point 7–9)
Maximal respiration − Basal
respiration
Time point 7 ECAR − Max
ECAR (time point 4–6)

Figure 2. Least squared means (± std err) for each treatment across
each measurement of mitochondrial function (OCR relative to baseline time points 1 to 3). * signifies a difference (P < 0.05) relative to
control.

indicate that βAA increased maximum, but not
basal respiration rate, due to the increased intracellular availability of substrates to be oxidized.
Skeletal muscle must be capable of expending high
amounts of ATP to reestablish the gradient across
the inner mitochondrial membrane after events
that disrupt this gradient; additional available substrates would aid the mitochondria in reestablishing the ion gradient more efficiently. Uncoupling
agents like FCCP can mimic the physiological energy demand typical of a muscle during exercise
(Adhihetty et al., 2003). This uncoupling causes
the respiratory chain to function at its maximum
possible rate to reestablish the ion gradient. Rapid
oxidation of substrates like sugars, fats, or amino
acids is required to complete this response (Agilent
Technologies, 2016). Cells treated with βAA demonstrated an increased capacity to oxidize substrates.
Spare respiratory capacity, the difference between basal and uncoupler-stimulated respiration,

reflects the cells’ ability to respond to increased energy demands (Divakaruni et al., 2014). Cells with
a greater spare respiratory capacity typically have
decreased demands at resting states and increased
mitochondrial biogenesis at different stages of the
cell cycle (Divakaruni et al., 2014). Mitochondrial
biogenesis in muscle is characterized by an increase
in mitochondrial density in cells and increased enzyme activity within cells (Adhihetty et al., 2003).
Since cells, in this study, were treated acutely with
βAA before measurement, it is unlikely that the
responses were due to increased mitochondria
number. Instead, it is plausible that βAA treatment is resulting in increased enzymatic activity
in the oxidative phosphorylation pathway. An increase in enzymatic activity would result in more
efficient ATP production in the cell, which could
have implications in animal performance measures
such as feed-to-gain ratios. It could also result in a
decreased residual feed intake because the animal
would need to consume less if their cells better utilized available nutrients. Future experiments evaluating enzyme activity are warranted to evaluate the
impact on animal performance in cells treated with
RH and ZH.
Stimulating muscle stem cells with βAA tended
to increase ECAR (P = 0.09) relative to controls
suggesting glycolytic capacity may be increased; this
supports our previous results showing greater glucose metabolism in muscle isolated from βAA-supplemented lambs (Barnes et al., 2019). This indicates
that the maximum rate at which our βAA-stimulated
cells could convert glucose to pyruvate or lactate
was enhanced, and a greater glycolytic capacity is
indicative of a more efficient cell (Mookerjee et al.,
2016). The future addition of animals to the dataset
and utilization of the Seahorse XF Glycolysis Stress
Test may confirm that this measure was indeed improved by βAA treatment.
The lack of an effect of βAA on basal respiration rates leads us to believe that βAA do not play
a role in the electron transport chain of cells in a
resting state. This substantiates our assertions about
the cause of increased maximal respiration in βAAtreated cells. In a state of rest, cell mitochondria
utilize a finite amount of substrate regardless of the
amount available. Therefore, we would not anticipate a difference in basal mitochondrial function
between treated and untreated cells. In addition to
basal respiration, βAA did not affect proton leak,
non-mitochondrial respiration, or ATP-linked respiration, demonstrating no evidence of mitochondrial dysfunction, as would be suspected if proton
leak was significant (Yépez et al., 2018) or there was
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a negative alteration in ATP-synthase (Divakaruni
et al., 2014). This also assumes that cells had equal
amounts of oxygen consumption by non-mitochondrial oxidases (Divakaruni et al., 2014).
Interestingly, the yak satellite cells were different than cattle for maximal respiration, spare respiratory capacity, and glycolytic capacity, despite
also being a bovid. This could be indicative of species differences such as genomic variation or mitochondrial copy number. Future studies utilizing a
greater number of yaks are warranted to determine
if the observed difference holds true or if the individual used in this trial was atypical.
IMPLICATIONS
Our data indicate that both ZH and RH increase maximal respiration and spare respiratory
capacity relative to controls in bovid muscle stem
cells. Thus, βAA-treated cells have indicated an increased ability to respond to cellular stresses and
increased energy demands. This provides evidence
that favorable modification of mitochondrial capacity is one mechanism by which βAA supplements increase metabolic and growth efficiency
of skeletal muscle in livestock. A better understanding of the mechanisms by which these supplements influence cellular function can lead to
discovery of additional ways to increase livestock
efficiency. Future studies will investigate potential
genetic variation influencing these pathways to
uncover variants that can be utilized for selection
of more efficient animals.
Conflict of interest statement. None declared.
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